Abstract: Although substance use disorder (SUD) patients are documented to have an inactive lifestyle, which is associated with cardiovascular disease, other lifestyle-related diseases and premature death, evidence regarding their aerobic endurance and muscular strength is limited. Therefore, the authors aimed to evaluate directly assessed maximal oxygen consumption, walking efficiency, as well as maximal strength in a group of SUD patients.
INTRODUCTION

P
atients with substance use disorder (SUD), classified within International Classification of Diseases rev 10; F10-19 (World Health Organization's classification 1990) have in addition to their mental and behavioral disorders an increased prevalence of cardiovascular disease, 1 cancer, 1 attenuated bone health, 2 and a decreased life expectancy of 15 to 20 years, the lowest among patients with different mental illnesses. 3 Undoubtedly, various causes contribute to the mental as well as physical problems that substance users suffer. 3 Evidence, however, is limited regarding the patient groups' physical health status and its likely influence on their overall health problems, cardiovascular system, and muscle strength and function, especially through direct assessment of key factors, such as maximal oxygen consumption (VO 2max ), walking efficiency, maximal strength, and muscle force development characteristics.
VO 2max , commonly also referred to as cardiorespiratory fitness and given in maximal metabolic equivalents (METs), is one of the strongest predictors for mortality from cardiovascular disease and other causes. [4] [5] [6] Analyzing several risk factors, Wei et al 4 observed that a low VO 2max resulted in a similar, if not greater, relative risk of mortality compared with established risk factors, such as diabetes mellitus, high cholesterol levels, hypertension, and cigarette smoking. The relative risk of mortality has been quantified from estimated VO 2max showing that a reduction of 1 MET ($3.5 mLÁ min À1 kg
À1
) corresponded to a 12% increase in mortality. 5 More recently, this was confirmed by Kodama et al 6 who observed a decrease of 1 MET to be associated with a 13% to 15% higher risk of all-cause mortality and coronary heart disease.
Not only VO 2max , but also skeletal muscle strength has been increasingly recognized as a considerable risk factor for mortality, 7, 8 cardiovascular disease, 8 and cancer. 7 The mortality risk from impaired muscle strength is comparable with the elevated risk from hypertension and obesity. 8 Reduced muscle strength is also shown to result in poor bone health 9 and an absence of sufficient muscular overload, through lack of physical activity or resistance training, will consequently induce bone loss. 10 Thus, the synergetic effect between muscular strength and VO 2max should be emphasized in clinical practice as prevention and treatment of cardiovascular disease as they in combination represent a substantial risk reduction.
Importantly, both a reduced VO 2max and low muscular strength are also shown to be associated with a poor mental health. 8, 12 VO 2max is in several studies associated with diagnosis of psychosis or schizophrenia, 13, 14 and a low muscular strength is associated with a 20% to 30% increase in suicide rate in young adults. 8 The number of suicides in SUD patients may be even higher than in the general young population as a significant part of deaths are because of drug overdose, 1, 3 and it is difficult to determine if this is because of accidents or suicide. Although causality is difficult to interpret from these findings, a low physical fitness typically leads to loss of daily functions, which in turn are associated with depressive symptoms. In contrast, physical activity is documented to be an effective countermeasure. 15 Although documentation of SUD patients' physical health, through direct assessment of VO 2max and muscular strength is limited, a few studies are indicating that the patient group is indeed at risk. Recent research has evaluated the effects of aerobic endurance training and shown that SUD patients had a $20% lower VO 2max than what is typically seen in the population. 16 Our results were in line with observations from methamphetamine dependents, revealing severely reduced VO 2max values, 17 and SUD patients in a rehabilitation project, which displayed values of 39 AE 10 (men) and 31 AE 8 (women) mLÁ min À1 kg À1 in $30-year-old patients. 18 Although it lacks a comparison with healthy individuals, one recent study 17 documented that SUD patients' reduced VO 2max may be accompanied by reductions in maximal muscle strength with reported values as low as $60 kg in leg press and $40 kg in chest press. It, however, is difficult to interpret these findings because joint angle are not reported and apparatus construction is not known, and these factors are clearly relevant for comparison with other populations. Despite that, muscular strength reductions often accompany inactivity-related reductions in VO 2max ; this is to our knowledge the only study that has indicated that SUD patients may have an impaired muscular strength.
Although a few studies imply that SUD patients may be at risk for cardiovascular disease, other lifestyle-related diseases and premature death because of their reduced cardiorespiratory and muscular fitness, there is a clear need for a more robust assessment of the SUD patients' physical health across sex, age, and primary drug dependence. Therefore, the aim of this study was to directly assess the patients' muscular strength as well as aerobic endurance. Specifically, our hypothesis was that SUD patients had a significantly reduced VO 2max , walking efficiency, maximal muscle strength, and muscle rate of force development (RFD) compared with an age-and sex-matched control group.
METHODS
Patients
We included 44 patients, 13 women (age 34 AE 10 years; weight 80.0 AE 20.3 kg; and height 165 AE 6 cm) and 31 males (age 31 AE 8 years; weight 85.1 AE 15.9 kg; and height 181 AE 7 cm), with a diagnosis of SUD; International Classification of Diseases rev 10: F10-F19 (mental and behavioral disorders because of psychoactive substance use). Twenty-two of the men and 9 of the women were current smokers, respectively. Patients' medical use is given in Table 1 . Patients were all in a $3 months' full-time residential treatment program. All patients agreed voluntarily to participate in the study and signed a written informed consent. Patients were excluded if they had been abstinent from drugs for the last 6 months or if they had impairments or injuries that prevented them from completing the treadmill and/or strength tests. All patients who fulfilled the inclusion criteria who arrived in the treatment clinic in a 6 months period were included in the study. The patients' physical performance was compared with a healthy age-and sex-matched reference group, targeted to exhibit what is typically observed in the population, consisting of 14 women (age 34 AE 8 years; weight 68.8 AE 7.9 kg; and height 171 AE 5 cm) and 11 men (age 37 AE 9 years; weight 89.3 AE 10.9 kg; and height 183 AE 6 cm), recruited among students and employees at the local University Hospital. A total of 20% of the controls (one of the men and 4 of the women, respectively) were current smokers. The regional medical ethics committee approved the study and it was carried out in accordance with the Helsinki Declaration.
Testing Procedures
Maximal Oxygen Consumption and Walking Efficiency
After a warm-up period of 10 minutes, patients started the 5 minutes walking efficiency test at 5% inclination and 4.5 kmÁh À1 . Oxygen consumption was obtained every 10 seconds (Metamax II Cortex Biophysik GmbH, Leipzig, Data are presented as mean AE SD. Prescribed medicines in substitutional treatment are methadone and suboxone. Other prescribed medicines: skin disorder, pain, and inflammation. Sed ¼ sedatives.
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Germany), and net walking efficiency was calculated as an average of the last minute as where oxygen consumption and work both were expressed as kcal to express walking percentage efficiency. 19 Continuously from the walking efficiency test, the patients progressed to the VO 2max test, which consisted of an incremental ramped protocol till exhaustion, where velocity was increased by 1 kmÁh À1 every minute and inclination kept constant at 5%. Maximal oxygen consumption was calculated as an average of the highest 30-second window. Pulmonary ventilation and respiratory exchange ratio were averaged in the same period as the VO 2max . Criteria for reaching VO 2max were used in accordance with previous literature. 20 Heart rate measurements were obtained using heart rate monitors (Polar Electro, Finland), and maximal heart rate was estimated as 3 to 5 beatsÁmin À1 added to the highest heart rate during the last minute. 20 After completion of the VO 2max test, a fingertip blood sample was taken for measurements of lactate concentration in blood (Biosen C_line, EKF Diagnostics GmbH, Barleben, Germany).
Maximal Strength and Rate of Force Development Measurements
After 2 warm-up sets, one repetition maximum (1RM) was performed in a hack squat machine (Impulse Fitness IT7006, Shandong, China). The patients started in a standing position and then moved eccentrically down to a 90 o knee angle position. After a fraction of a second stop, the patient then moved concentrically with a fast intended velocity. The correct knee angle position was assessed with a goniometer. The load was increased with increments of 10 kg, and 1RM was achieved within 4 to 8 lifts. The patients had rest periods of 4 minutes between their attempts. After completion of the 1RM test, RFD was measured using a force plate (9286AA, Kistler, Switzerland) in the same apparatus with a weight corresponding to 75% of 1RM. Measurements were obtained with a 2000 Hz frequency (Bioware v3.06b, Kistler, Switzerland). As for the 1RM test, the patients were instructed to try and lift the weight as fast as possible in the concentric movement. The highest RFD among 3 attempts was used for the data analysis, and patients had 3 minutes rest periods between their attempts.
Statistical Analysis
Statistical analyses were performed using the SPSS, version 20, software program (Chicago, IL), and figures were made using the software GraphPad Prism 5 (San Diego, CA). Independent samples t test were used to compare differences between the SUD patient group and the reference group. Correlations between primary substance use, sex, age, substance use history, and physical capacity were analyzed using linear Pearson correlation regression analysis. Results were considered statistically significant at a 2-tailed level of P < 0.05. Data are presented as mean AE SD unless otherwise stated.
RESULTS
All 44 SUD patients [21-30 years (n ¼ 23); 31-40 years (n ¼ 14); and 41-50 years (n ¼
Aerobic Endurance
Maximal oxygen consumption was significantly lower in SUD patients compared with the reference group (Table 2), this was apparent for both sexes (Fig. 1A) . Women and men displayed reductions of 25% (P ¼ 0.001) and 15% (P ¼ 0.03), respectively. The lower aerobic power was consistently present in all age groups (Fig. 1B) . No significant differences were observed between patients who had amphetamine (n ¼ 30) or cannabis (n ¼ 10) as their primary drug (Fig. 2) . Maximal oxygen consumption correlated significantly with years of drug use; however, this correlation was not present when it was adjusted for age.
As for the maximal aerobic power, the SUD patients' aerobic endurance at a submaximal level below anaerobic threshold was also impaired. No differences were observed between women and men in walking efficiency and as a consequence, data were collapsed (Table 3 ; Fig. 3 ). The impairment was apparent as a 12% (P ¼ 0.05) higher oxygen cost of walking at 4.5 km/h at 5% inclination (Fig. 3A) , and this was mirrored by a 13% (P ¼ 0.02) reduction in walking efficiency (Fig. 3B) . This was further accompanied by a significant increase in ventilation (P ¼ 0.042) and respiratory exchange ratio (P ¼ 0.001) among the SUD patients. Systematically, the impairments were exhibited in both women and men and across age.
Muscular Strength
Substance use disorder patients had a significantly lower maximal muscle strength compared with the reference group, with 1RM reductions of 30% (P ¼ 0.001) and 33% (P ¼ 0.010) in men and women, respectively (Fig. 4A) . A significant r ¼ 0.36 correlation between 1RM and RFD was observed (y ¼ 4.0x þ 874; 95% confidence interval: 1.4-6.5 and 555-1193; P < 0.01), and the reductions in 1RM were accompanied by a clear tendency toward a reduced RFD (Fig. 4B) , expressing 20% and 15% reductions in men and women, respectively, compared with healthy controls. Because an association between muscular strength and walking efficiency, has been established previously, the strength parameters and walking efficiency were tested against each other, revealing that the RFD significantly correlated (r ¼ 0.38) with walking efficiency (y ¼ 0.0037x þ 17.9; 95% confidence interval: 0.0013-0.0062 and 14.3-21.4; P < 0.01), whereas 1RM did not. Furthermore, the differences in maximal strength and RFD between SUD patients and the reference group were consistently present for all age groups, but were not affected by the drug type dependency.
DISCUSSION
Because VO 2max and muscular strength are strong predictors for physical and mental health, but evidence of directly assessed aerobic endurance and strength components rarely has been presented, our aim was to present such components and evaluate their implications for health in SUD patients. The main findings of the current study were that SUD patients have a reduced VO 2max compared with what is typically observed in the population; aerobic endurance is further reduced because of reductions in walking efficiency; the aerobic endurance impairments were accompanied by reduced maximal strength and ability to perform rapid muscle contractions; and the FIGURE 1. A, Substance use disorder patients' maximal oxygen consumption were compared with the reference group, both sexes and combined. Data are presented as mean AE SE. ÃÃ Significant difference between the reference group and SUD patients (P < 0.01). B, Maximal oxygen consumption, comparing SUD patients and reference group, all age groups. Data are presented as mean AE SE.
Ã Significant difference between the groups (P < 0.05). SUD ¼ substance use disorder. impairments in aerobic endurance and muscular strength were systematically present across age, sex, primary drug, and history of substance use. In combination, these findings imply that SUD patients indeed are at risk for developing cardiovascular disease, cancer, attenuated bone health, and premature death, and that inactivity may be responsible, at least in part, for the physical health reductions.
Maximal Oxygen Consumption and Substance Use Disorder
Substance use disorder patients in the current study exhibited a systematically reduced VO 2max compared with healthy controls. The values of the patients in this study are also below what recently was reported as reference data for the Norwegian population. 21 Specifically, the women in our study showed a large attenuation in aerobic power, equivalent to what is observed with $25 years of aging, 22 and associated with a $25% increased risk of mortality. 5, 6 The reduction in VO 2max was not related to the patients' drug type dependency (Fig. 2) , and was present for all age groups (Fig. 1B) 17 The discrepancy between these results may be because of the different populations tested, indirect or direct measurements of oxygen uptake, testing modality (i.e., bicycle or treadmill), and protocol. In combination, our study and previous studies are in agreement, observing that SUD patients, however, have a reduced VO 2max , and thus have an elevated risk for cardiovascular disease, other lifestyle-related diseases and premature death. Alterations in VO 2max is suggested to primarily be caused by changes in cardiac output and function, 24 and a causality has been shown both with training 25 and detraining. 26 This implies that the very low VO 2max that is observed in SUD patients is likely accompanied by a severely reduced cardiac output, and that this may be one of the factors that can explain the high prevalence of cardiovascular disease within the patient group.
FIGURE 3.
A, Oxygen cost of walking at 4.5 kmÁh À1 at 5% inclination on the treadmill, comparing reference group with substance use disorder patients. Data are presented as mean AE SE. Ã Significant difference between the groups (P < 0.05). B, Walking efficiency at 4.5 km/h at 5% inclination on the treadmill, comparing reference group with substance use disorder patients. Data are presented as mean AE SE.
Ã Significant difference between the groups (P < 0.05). 
Walking Efficiency
Contributing to an overall reduced aerobic endurance in SUD patients in the current study was also a reduction in walking efficiency. Walking efficiency is approximately 25% in healthy individuals, 27 and our observation of 26% among the healthy controls was in line with this. In contrast, the SUD patients exhibited a 13% lower efficiency, meaning that not only do they have to work on a higher percentage of their VO 2max when carrying out daily tasks, but they also have to do the certain amount of work with a larger cost of energy compared with healthy individuals. This is adding weight to an already challenging situation and certainly contributes to the negative spiral toward even more inactivity, and an aggravation of the calamitous lifestyle. The decreased walking efficiency has to our knowledge not been documented in SUD patients before, and was present for both men and women in all age groups (Fig. 3) . Thought provoking, their walking efficiency is similar to an efficiency that is observed among 50-year-old men and women. 28 Again, as for the VO 2max measurements, the reduced efficiency was not associated with the substance use history or drug type dependency, and advocates that the SUD patients' lifestyle, and absence of sufficient activity, may be the explanation for their weakened aerobic energy production.
Maximal Muscle Strength, Force Development Characteristics and Substance Use Disorder Patients
In addition to endurance, skeletal muscle strength is important for the assessment of an individuals' physical health. The current study show that SUD patients exhibited significant maximal strength reductions compared with the healthy controls. Although strength training has previously been applied on SUD patients in residential treatment, 17 it has, to our knowledge, not been known how their strength relates to what is observed in healthy patients. The 33% (men) and 30% (man) reduced strength in SUD patients in our study corresponds to what is observed with 30 to 40 years of aging, 29 and puts the patients at an elevated risk for falls and fractures, 30 premature death, 8, 31 and possibly cancer. 31 Importantly, reductions in maximal strength are usually accompanied by reductions in muscle RFD. 19, 32 Therefore, it was not surprising that in the current study, RFD was correlated with 1RM. Rate of force development may be an even more important predictor for physical function 30 compared with maximal strength because it is more related to functional tasks, balance adjustments, and prevention of falls, where the time to reach maximal strength is limited. The 15% to 20% lower RFD among the SUD patients in this study may contribute to more challenging everyday situations and risk of injuries.
A relationship between muscular strength and aerobic endurance has also been established, specifically through the effects of RFD on aerobic work and walking efficiency. 33, 34 It is suggested that alterations in RFD will lead to changes in the force-velocity curve, 33 resulting in changes in oxygen demand in the working muscle, and consequently changes in blood flow. 34 Indeed, a correlation between RFD and walking efficiency was documented in this study, and it is likely that a poor RFD in the SUD patients have resulted in a worsening of their aerobic endurance in accordance with previous literature. 19, 32 Physical Health in Substance Use Disorder Patients: Implications for Mental Health Previously, both VO 2max and muscular strength have been observed to be predictors for mental health. 8, 12 A weakened aerobic endurance has been associated with depression 12 and psychosis, 13 whereas muscular strength have been associated with psychiatric diagnoses and even suicide. 8 Although it is often difficult to establish a cause-effect relationship, it has been demonstrated that aerobic endurance training can decrease depression. 16 Enhanced physical health may lead to an improved mental health because of changes in the individual's perception of physical as well as social factors. Because SUD patients in the current study display large reductions in both endurance and muscular capacity and function, it is likely that this is associated with their mental health. It is an interesting topic of future research if effective physical training may be able to improve their mental state, and thus ultimately also have an effect on their substance use.
Reduced Physical Health in Substance Use Disorder Patients: Clinical Treatment Perspectives
Although the sample size in the current study is relatively small, our results indicate that SUD patients have a reduced aerobic endurance and muscular strength, consequently putting them at risk for diseases, premature death, and an aggravation of their mental health. The SUD patients' attenuated physical health likely has multifactorial causes. Drug use and cigarette smoking may directly have contributed to the reduced physical health observed in the current study. Indeed, especially cigarette smoking is well documented to effect cardiorespiratory function and consequently reduce exercise capacity 35, 36 as well as increase the risk of cardiorespiratory diseases. 37 In addition, the patient groups' inactivity-related lifestyle may indirectly have affected their aerobic endurance and muscular strength as the lack of activity previously has been shown to dramatically reduce both aerobic endurance 26 and muscular strength. 38 Exercise training is shown to work as an effective countermeasure for reduced endurance and strength, and should be emphasized as a part of the clinical treatment. Although today's treatment of SUD patients commonly includes physical activity, it appears random and unstructured, without the sufficient training intensity to have a robust effect. 16 Importantly, high intensity is favorable to yield the most optimal effects both for endurance 25 and muscular strength, 39 and documented to be feasible and effective also for untrained patient populations. 16, 32 Therefore, as one element to counteract the SUD patients from spiraling down the physical and mental cascade toward more inactivity and substance dependence, effective training for improving aerobic endurance, muscular strength, and function should be applied in the clinics, preferably targeting the optimal exercise intensity and modality.
CONCLUSIONS
Applying direct assessment of physiological variables, our findings show that SUD patients have a reduced VO 2max , walking efficiency, maximal strength, and ability to rapid force development compared with healthy individuals. Because reductions in these physiological factors are associated with an elevated risk of cardiovascular disease, cancer, poor bone quality, premature death, and mental health, effective exercise training should be a part of the clinical treatment of the patient group. This may not only have a beneficial effect on the patients' physical and mental health, but could also reduce socioeconomic costs.
